Abstract: We experimentally investigate the generation and transmission of high-symbolrate single-carrier signals based on the electronically time-division multiplexing (ETDM) method. We have successfully increased the operating bandwidth limit of ETDM-based optoelectronic subsystems to the symbol rate of 128.8 and 138.4 GBaud over a long-haul SMF-28 link. We experimentally demonstrate 8 Â 128.8 Gbaud polarization-division multiplexed quadrature phase-shift keying (PDM-QPSK) signals over 2800 km SMF-28 and 4 Â 138.4 GBaud over 1200 km with EDFA-only amplification. To the best of our knowledge, 138.4 GBaud is the highest symbol rate of all-ETDM-based optical coherent system reported so far.
Introduction
The exponential growth of IP traffic and strong demand for high-speed connections have initiated intense research efforts with respect to WDM systems with high-capacity optical transmission using optical interfaces with high-speed data rate per-channel [1] - [10] . Along that line, the long-haul transmission of a single-carrier (SC) at 400 Gb/s data rate has been successfully demonstrated recently with polarization-division multiplexed quadrature phase-shift keying (PDM-QPSK) format and symbol rates exceeding 100 GBaud [6] - [10] . Although it would push the boundaries of opto-electronic components and modules, it would offer the benefits in terms of system complexity [5] - [10] . Namely, the employment of the highest feasible electronic multiplexing rates with a minimum number of channel subcarriers can reduce the number of deployed optical components, which typically determinate the transponder cost [5] - [8] . Increasing baud in combination with more robust modulation formats, such as PMD-QPSK, would lead to longer transmission distances and less complex DSP implementation [6] - [10] . Compared with the higher-order modulation formats, such as 16 QAM or higher, the employment of QPSK has the cost of lower spectrum efficiency (SE). While higher order modulation formats requires multilevel drive signals, the optical QPSK signal can be modulated by the basic binary signals. The setup is much simpler in the transmitter-side. Therefore, there should be a tradeoff between the transmission distance and SE. It is believed that increasing the baud to realize SC 400-Gb/s WDM channels is a promising and cost effective solution for future long haul and large-capacity optical transmission networks having in mind that it can also serve a solid foundation for construction of multicarrier channels with multi terabit capacity.
Recently, a SC 400 G transmission over 4800 km is reported with a net SE of 3.64 bit/s/Hz based on 107-GBaud QPSK format [6] . Meanwhile, 3600-km transmission with all-Raman amplification and a net SE of 4 bit/s/Hz based on 110-GBaud QPSK is also demonstrated [8] . The line rate of 107 or 110 Gbaud is appropriate choice for 400 G if we only consider 7% harddecision forward error correction (HD-FEC) defined in ITU-T G.709. The third-generation FEC with 15$30% overhead, namely soft-decision FEC (SD-FEC), is widely employed in current commercial 100G PDM-QPSK coherent detection systems. In this scenario, the symbol rate should be increased to 128 Gbaud for 400 G PDM-QPSK signal if we consider 20% FEC overhead. In recent works [9] , [10] , we have demonstrated SC 400 G based on 128.8-GBaud QPSK signal over long-haul transmission based on different types of fiber links. Another trend to further improve the transmission distance is to combine the modulation and channel coding together, namely, coded modulation (CM). CM techniques have been successfully studied with 16 QAM modulation formats to achieve longer transmission distance. Fifteen sixteenth and 9/12 single parity check (SPC) with low density parity check (LDPC) FEC is employed in [11] . To maintain the same information rate, the line rate and the symbol rate needs to be increased, such as 136.5 GBaud (28% overhead) is required for 400 G PDM-QPSK with the use of 15/16 SPC.
In this work, we extend our previous works and experimentally investigate the generation and transmission of high symbol rate SC signals based on all-electronic time-division multiplexing (ETDM) method. We have successfully increased the operating bandwidth limit of ETDM-based opto-electronic subsystems for the symbol rate of 128.8 and 138.4 GBaud over the long-haul SMF-28 link. We experimentally demonstrate 8 Â 128.8 Gbaud PDM-QPSK signals over 2800 km SMF-28, and 4 Â 138.4 GBaud over 1200 km with EDFA-only amplification. To the best of our knowledge, 138.4 GBaud is the highest symbol rate of all-ETDM based optical coherent system reported so far, which is well aligned with use of higher overhead soft-decision forward error correction (SD-FEC) techniques. As such, the odd or even channels are multiplexed by one polarization-maintaining optical coupler (PM-OC). After that, the signals are boosted to 23 dBm by one PM-EDFA. The two pairs of 128.8-GBaud in-phase (I) and quadrature (Q) data signal is generated by three-stage ETDM blocks with 2:1, 4:1, and 2:1 electrical multiplexing ratios, thus 128.8-GBaud rate starting from the original 8.05-GBaud pseudo-random binary sequence (PRBS) is generated with a word length of 2 15 À 1. The odd and even channels are modulated independently by using two I/Q modulators directly driven by the generated 128.8-GBaud PRBS signals. The clear electrical eye diagram of 128.8-GBaud binary signal is shown in Fig. 1 (inset i) . In our case, the employed 4:1 MUX is a 56-Gb/s 4:1 broadband multiplexer module, while the 2:1 MUX is a 120-Gb/s 2:1 broadband multiplexer module. The 4:1 MUX performs well with 64.4-Gb/s output and the 2:1 MUX also works well with the 128.8-Gb/s output. For data decorrelation, the delay between the two 64.4-Gb/s data sequences are about 65 bits for multiplexing and the delay between the two 128.8-Gb/s data sequences are about 40 bits for modulation. The generation of 138.4-GBaud QPSK signals is based on the same setup with 8.65-GBaud PRBS source signals.
Experimental Setup of Signal Generation and Transmission
After modulation, the polarization multiplexing of each path is realized via the polarizationmultiplexer, which consists of a PM-OC to split the signal, an optical delay line (DL1 and DL2) to provide over 100 symbols delay, and a polarization beam combiner (PBC) to recombine the signal. The odd and even channels are spectrally filtered to achieve the 9-QAM-like constellation signals and then combined by a programmable wavelength selective switch (WSS) with 100-GHz fixed grid with a 3-dB bandwidth of 94.8-GHz.
At the coherent receiver, one tunable optical filter with 3-dB bandwidth of 0.9 nm is employed to select the desired sub-channel. An ECL with a linewidth less than 100 kHz is utilized as local oscillator (LO). A polarization-diverse 90 hybrid is used for polarization-and phase-diversity coherent detection. The bandwidth of the balanced detector is 50 GHz. The sampling and digitization (A/D) is realized by the real-time digital oscilloscopes (Lecroy, LabMaster 10 Zi) with 160-GSa/s sample rate and 65-GHz electrical bandwidth.
After the ADC, the off-line digital signal processing (DSP) is then applied to four-channel 160-GSa/s sampled data sequences. The data is first resampled to 2 Samples/Symbol with followed CD compensation, and then processed by the 21-tap multi-modulus equalization (MMEQ) algorithm and MLSE [12] - [14] as described in Fig. 1 . The QDB 9-QAM signal is directly recovered by using the MMEQ scheme [12] . The frequency offset estimation and carrier phase recovery are also based on the 9-QAM like constellation. After phase recovery, the 9-QAM signal is converted back to the QPSK signal by the multi-symbol equalization and detection algorithm MLSE. Before the calculation of the bit error rate (BER), the MLSE based on Viterbi algorithm is utilized for symbol decoding and detection to eliminate the ISI impact [13] , [14] . The total errors are counted over 12 million bits.
Back-to-Back Results
Before the fiber transmission, we initially test the back-to-back performances of the generated PDM-QPSK signals. In addition, we increase the PRBS symbol rate from 8.05 up to 8.7-Gbaud to generate the high symbol rate binary signal after the three-stage ETDM in order to test the limit of the system operation bandwidth. Fig. 2(a) shows the back-to-back (BTB) BER results of 515.2-Gb/s channel as a function of OSNR (0.1 nm resolution). The required OSNR for that super-Nyquist WDM (SN-WDM) 515.2-Gb/s channel at the BER of 2 Â 10 À2 (assuming 20% SD-FEC limit [15] ) is about 20.5 dB/0.1 nm, which has 0.5-dB OSNR penalty compared to SC case after 100 GHz-grid WSS. In addition, we also verified that all other channels exhibit similar performance.
In order to test the performances of the ETDM system on high baud, we increase the data rate of binary signals from 8.05 to 8.5 and 8.65-GBaud. In this way, 136-and 138.4-GBaud signals can be generated after three-stage ETDM. The eye diagrams of the 136-and 138.4-Gbaud electrical binary signals and optical QPSK signals are shown in Fig. 2(b) -(e). Clear eye-diagrams of electrical binary signals can be observed in Fig. 2(b) and (d) . However, after modulation, the eye-diagrams of optical signals are not so clear due the bandwidth limitation of the I/Q À2 , due the bandwidth limitation of the I/Q modulator, PD and ADCs. There are less than 0.5-dB OSNR penalties for the 138.4-GBaud QPSK signals with 140 and 120-GHz filtering bandwidth. However, further OSNR penalty is introduce when narrower filtering is applied. Larger than 1.5-dB penalty is observed for the 138.4-GBaud signals after 100-GHz filtering. The theoretical BER curve of 138.4-GBaud QPSK is also plotted in Fig. 2(f) . There is about 6-dB implementation OSNR penalty between the experimental results and the theoretical results. We believe that the large implementation penalty is due to the bandwidth limitation of the optoelectronics components used in our system. It is believe that the penalty can be reduced by using better optoelectronic devices with higher bandwidth. Finally, Fig. 3 shows the BER results as a function of symbol rate at the OSNR of 26 dB/0.1 nm. In this experiment, we measure the BER performances of signals from 127.6 to 139.2-GBaud for single channel signals without filtering. The BER gets higher for high baud rate signals.
Transmission Results
For the transmission, we test both 128.8 and 138.4-GBaud PDM-QPSK signals in 100-and 200-GHz grid, respectively. The spectrum of 8-channel 128.8-GBaud PDM-QPSK signals in 100-GHz grid is shown in Fig. 4(a) , and the spectrum of 4-channel 138.4-GBaud PDM-QPSK signals is shown in Fig. 4(b) . The WDM signals are then launched into a re-circulating transmission loop with 400-km fiber length per loop, which consists of five spans of 80-km SMF-28 with an average loss of 18.5 dB. As shown in Fig. 1 , each span of the 80-km SMF-28 is followed by an EDFA to compensate for the fiber loss. One attenuator is used before each span of fiber to control the launch power per channel. A WSS is employed in the loop as a band-pass filter to suppress the ASE noise. The adjustable amplifier gain equalization filter is also implemented in the WSS to flatten the gain slope.
The transmission results are shown in Fig. 5 . Fig. 5(a) shows the BER performance of 100-GHz-grid sub-channel 4 in 8 Â 128.8-GBaud QPSK WDM channels after 2800-km SMF transmission (seven loops) versus the launch power per channel. The input power is controlled by the attenuator at the input of each span of fiber. The optical input power per channel is about 4 dBm. The OSNR after transmission over 2800-km SMF is about 23 dB/0.1 nm. The BER performances of two kinds of WDM signals, i.e., 8 Â 128.8-GBaud QPSK and 4 Â 138.4-GBaud QPSK signals, as a function of transmission distances are shown in Fig. 5(b) . The measured BERs of channel 4 in 8 Â 128.8-GBaud WDM after 2800-km and channel 2 in 2 Â 138.4-GBaud WDM after 1200-km (three loops) are 1:2 Â 10 À2 and 1:3 Â 10 À2 , respectively. We have also confirmed that the BER of all WDM channels in 100-GHz-grid 8 Â 128.8-GBaud QPSK or 200-GHzgrid 4 Â 138.4-GBaud QPSK after 2800-km or 1200-km fiber transmission are below the 2:0 Â 10 À2 BER threshold of the 20% SD-FEC, as shown in Fig. 5(c) . The optical spectrum after 2800-km SMF transmission is inserted in Fig. 5(c) as (i) . It is worth noting that, the BTB BER results of 138.4-GBaud QPSK signals can cover much lower BER than the threshold of 20% SD-FEC overhead. It is quite useful for the short distance communications using lower FEC overhead. If only 7% hard-decision FEC is used, the required OSNR is around 26-dB for 138.4-GBaud QPSK signals. The net data rate can be as much as 517.38-Gb/s, which is much higher than the 400 G.
Conclusion
We have experimentally investigated the generation and transmission of high symbol rate SC signals based on ETDM method. We successfully increased the operating bandwidth limit of ETDM-based opto-electronic subsystems for the symbol rate of 128.8 and 138.4-GBaud over long-haul SMF-28 link. Finally, we experimentally demonstrate 8 Â 128.8 Gbaud PDM-QPSK signals over 2800 km SMF-28, and 4 Â 138.4G Baud over 1200 km with EDFA-only amplification, respectively. Both back-to-back and transmission BER performances are measured and presented in this paper. To the best of our knowledge, 138.4 GBaud is the highest symbol rate of all-ETDM based optical coherent system reported so far.
